Abstract. We compared net gas exchange rates of CO 2 ) increased N concentration of N-deficient leaves about 60% and increased A CO2 rate about 50%. A CO2 did not increase when nitrogen concentration in leaves exceeded a threshold value of about 200 mmol·m -2 so photosynthetic nitrogen use efficiency (PNUE = A CO2 /N) decreased with increasing leaf N concentration. Net gas exchange and PNUE was higher for grapefruit than for orange leaves. Leaf Cl levels from foliar-applied salts may not be as detrimental to leaf gas exchange as Cl from salts in soil-applied irrigation water.
to improve the effectiveness of foliar-applied chemicals (Beckett and Stoller, 1991; Kannan, 1980) . Potential effects of foliarapplied urea N and salts on citrus leaf gas exchange have not been described.
The purpose of these studies was to determine uptake and potential phytotoxicity of citrus leaves sprayed with foliar urea N and chlorides. We varied the previous nutritional status of the leaves and studied the relationships between net gas exchange, Cl, N, and chlorophyll concentration in leaves of 'Duncan' grapefruit and 'Valencia' orange. We hypothesized that foliar-applied urea N and salts would interact to affect their penetration and net gas exchange of citrus leaves.
Material and Methods
We designed two greenhouse experiments to determine levels of foliar uptake and phytotoxicity of Cl and urea on net gas exchange responses of leaves. The first experiment was designed to study well-nourished leaf responses to a broad range of salt, urea, and urea plus salt concentrations in foliar-applied solutions. The second experiment used N deficient seedlings and tested leaf responses to an intermediate urea concentration with a relatively high salinity concentration in the spray solution.
Plant material. One-year-old seedlings of 'Duncan' grapefruit and 'Valencia' orange were selected for uniformity and transplanted from sand into 2.3-liter pots of a commercial soil medium of 3 peat : 1 perlite : 3 vermiculite : 3 pine bark (by volume, with added N and P) (V.J. Growers, Apopka, Fla.) Seedlings were grown in a greenhouse under 50% shade, irrigated every other day, and fertilized weekly with Hoagland's solution. When seedlings were 14 months old, all plants were trained to a single shoot. Experiment 1. 24 uniform 'Duncan' grapefruit and 24 'Valencia' orange seedlings were selected for foliar spray applications of 2 levels of saline (NaCl:CaCl2, 3:1) solution, 3 levels of low-biuret urea, 224 g N/liter (Unocal Plus; Unocal, West Sacramento, Calif.), 2 combinations of salt + urea, and a water-sprayed control (Table 1 ). All spray solutions contained 0.5 % v/v Triton X-77 as a surfactant. Each of the eight spray treatments was applied weekly Nitrogen availability limits plant growth and productivity by limiting leaf area growth and/or photosynthetic capacity (Sinclair, 1990) . When leaf N concentration is low, net CO 2 assimilation rate (A CO2 ) increases with additional N (Evans, 1989; Syvertsen, 1987) . Application of fertilizer N directly to leaves, especially urea N, can be a potential alternative to conventional soil fertilization without contributing to soil salinity and potential groundwater contamination (Embleton et al., 1986) . Urea sprays can cause leaf burn, however, when applied at high concentrations or sprayed on young leaves (Lea-Cox and Syvertsen, 1995) . The success of supplying annual nitrogen requirements of citrus trees using urea depends on adequate amounts of N penetrating into leaves while avoiding phytotoxicity. Citrus leaves take up urea N more rapidly than potassium nitrate N partly because of the lower osmotic potentials of KNO 3 solution (Lea-Cox and Syvertsen, 1995) , and also because nonpolar urea readily diffuses through the cuticle (Wittwer et al., 1963) . Like many other crop plants, citrus leaves are sensitive to salt injury when saline solutions come into contact with leaves (Mass and Hoffman, 1977) .
Adverse effects of soil salinity on citrus growth and fruit yield are well documented (Maas, 1993; Shalhevet and Levy, 1990) . High foliar Cl concentration from saline soil can reduce A CO2 and stomatal conductance (gs) (Lloyd and Howie, 1989) . The impact of high Cl may be determined, in part, by the ability of the rootstock or scion to exclude Cl (Behboudian et al., 1986) . Nonstomatal factors can also reduce A CO2 due to Na and Cl toxicity effects (Lloyd et al., 1987) . Saline coastal fog (Maas, 1993) and saline irrigation water (Eaton and Harding, 1959) can be phytotoxic. Citrus leaves can also accumulate Cl and Na when agricultural spray solutions are prepared with saline water (Syvertsen et al., 1989) . Urea also may be included as an adjuvant in spray solutions to 3 seedlings beginning in June 1994, when plants were 15 months old. Seedlings were sprayed to runoff but the soil surface was covered with a plastic film until leaves dried to prevent any soil deposition. During the 11-week period, mean maximum/minimum air temperatures in the greenhouse were 41(±3)/25(±1) C and mean maximum air vapor pressure deficit (VPD) averaged 5.0 (±1.3) kPa. During week 5, leaf N concentration in some treatments exceeded 300 mmol·m -2 (about 5% dry weight), which is considered excessively high for citrus leaves in the field (Hanlon et al., 1995) . In week 6, pots were thoroughly leached with tap water and soil fertilization was stopped to allow leaf nitrogen concentration to decrease.
Experiment 2. Well-nourished 14-month-old 'Duncan' grapefruit and 'Valencia' orange seedlings were allowed to become nitrogen-deficient by not fertilizing for 2 months. After that period, total nitrogen concentration in leaves was from 93 to 135 mmol·m -2 , and there was some visible yellowing. Twelve uniform seedlings of each species were selected for foliar applications of urea + saline solutions. We studied the effects of a high saline spray (EC = 9.31 dS·m -1 ) with and without an intermediate urea concentration (11.2 g N/liter, Table 1 ). Three seedlings were sprayed weekly to runoff while preventing any soil deposition as described for Expt. 1. Spray treatments began in October 1994 when seedlings were 14 months old. During the 6-week period, mean maximum/minimum air temperatures were 37(±3)/22(±2) C, and mean maximum daytime VPD averaged 4.1 (±1.2) kPa.
Gas exchange measurements. In both experiments, we measured A CO2 and gs with a LI-6200 portable photosynthesis system (Li-Cor, Lincoln, Neb.) using a 250 cm 3 cuvette. All measurements were made in the morning (0830-0930 HR) to avoid high afternoon temperatures and VPD. Gas exchange measurements were made on 'Valencia' orange in Expt. 1 every 2-3 weeks. All other measurements were made weekly on 2 fully expanded, mature leaves (≈ 3 months old) on each seedling, and were repeated using the same leaves whenever possible. When burn symptoms were visible, measurements were made only on the green-appearing remaining leaf surfaces by placing the measurement cuvette over the green area only. Young, fully expanded, but not mature leaves about 1 month old, were also measured during week 12 at the end of Expt. 1. During all measurements in Expt. 1, radiation within the cuvette was supplemented with a 300 W tungsten-halogen lamp (Sylvania, ELH, Winchester, Ky.) after cooling by filtering through 2 cm of circulating cold water. All measurements were made at photosynthetic photon flux (PPF, 400-700 nm) of 1000-1200 µmol·m -2 ·s -1 , which exceeds saturating PPF for citrus, (Syvertsen, 1984) , leaf temperatures of 32 ± 2C and leaf to air VPD of 2.4 ± 0.4 kPa within the cuvette. In Expt. 2, all measurements were made while supplementing PPF with a QbeamTM solid state LED lighting system (Quantum Devices, Barneveld, Wis.) (Tennessen et al., 1994) because it did not require any cooling. During these measurements, the PPF was set at 850 µmol·m -2 ·s -1 at 670 nm, average leaf temperature was 26 ± 3C and leaf to VPD was 1.4 ± 0.5 KPa within the cuvette.
Foliar analysis. All leaves were rated visually for percentage of necrotic area. To avoid removing too many leaves for analysis, only one leaf of the same age class as those used for gas exchange measurements was removed from each seedling every 2-3 weeks in Expt. 1. In Expt. 2, two leaves per seedling were removed every week for analysis. Leaf fresh weight and leaf area (LI-3000; LI-COR) were determined; leaves were quickly rinsed with distilled water and blotted dry. For chlorophyll analysis, two 9 mm diameter discs were punched from green area near the mid-laminar region of each leaf and extracted with N,N dimethylformamide for at least 72 h in the dark at 4C. Absorbance was determined using a spectrophotometer (Ultrospec II; LKB Biochrom, Cambridge, U.K.) at 647 and 664 nm and used to calculate total chlorophyll concentrations (Chl) (Porra et al., 1989 ). An index of leaf succulence was calculated as (fresh weight-dry weight) divided by leaf area (Gratani, 1993) . Entire leaves, minus the 2 discs but including any necrotic tissue, were oven dried for at least 72 h at 60C and ground to a powder before total nitrogen (semimicro Kjeldahl) and chloride (HBI Chloridometer; Haake Buchler, Saddle Brook, N.J.) analyses.
Data were analyzed for significant differences (P < 0.05) using a factorial analysis of variance with species, spray solution, and number of weekly sprays as main factors. Relationships between leaf N concentration and gas exchange characteristics were described using linear or quadratic regression analyses where appropriate.
Results

Experiment 1.
After 11 weekly sprays, leaf chloride concentration increased with the salt concentration of the spray solution Table 3 . Regression coefficients (βn) and coefficient of determination (r 2 ) for relationships between dry weight per leaf area (DW/a), CO 2 assimilation rate (A CO2 ), water use efficiency (WUE), and photosynthetic N use efficiency (PNUE)(y) and the leaf N concentration (x) of mature leaves and young leaves of 'Duncan' grapefruit. Data from Expt. 1, Fig. 2 ---0.64 Table 2. ( Table 2 ). There were no visible necrotic burn symptoms on 'Valencia' leaves. There were insufficient leaves for replicate Cl and N samples from 'Valencia' orange so only replicated data for 'Duncan' grapefruit are shown. Burn symptoms on grapefruit leaf margins and tips appeared when Cl levels exceeded 7 mmol·m -2 . Mean Cl concentrations of the young leaves from both species developed during spray treatments were 0.9 mmol·m -2 for the low and 5.9 mmol·m -2 for the intermediate saline treatments. Grapefruit leaves sprayed with the low and intermediate urea concentration had two-fold and three-fold the N concentration of control leaves (Table 2) . Young leaves sprayed with the high urea concentration developed burn symptoms as they expanded and subsequently abscised. Sprays of high urea (33.6 g N/liter) caused necrotic spots over 10% of grapefruit leaf surfaces after only one spray. Leaves sprayed 3 times with intermediate salt plus high urea were 80%-90% necrotic and since they subsequently abscised, were not analysed. Mature leaves sprayed with low and intermediate concentration of urea without salt were not visibly injured after 10 weekly sprays. Individual leaf area and leaf succulence index were not affected by treatment or species tested. At the end of the experiment, mean individual leaf area was 22.0 ± 4.4 cm 2 for mature leaves, and 27.3 ± 6.2 cm 2 for fully expanded young leaves. The leaf succulence index was 17.3 ± 4.5 mg·cm -2 for mature leaves and 19.5 ± 3.6 mg cm -2 for fully expanded young leaves. Net A CO2 and gs of 'Duncan' grapefruit leaves were not significantly affected (P > 0.05) by salinity sprays (Fig. 1) . The gradual decrease in A CO2 from about 15 to 12 µmol·m -2 ·s -1 during the 10 week experimental period was probably due to leaf aging. Stomatal conductance, however, did not decrease as leaves aged. Gas exchange data from 'Duncan' grapefruit were very similar to those from 'Valencia' orange leaves (data not shown).
Leaf N increased with the concentration of N in urea sprays and also increased linearly with the number of weekly sprays (data not shown). To investigate relationships between leaf N and leaf characteristics, all data from mature and young leaves were pooled at the end of the experiment without regard to urea spray treatment. Dry weight per leaf area (DW/a), A CO2 , and water use efficiency (WUE = A CO2 /transpiration) were all positively correlated (Table  3 , Fig. 2) with the leaf N of young leaves. For mature leaves, there was no increase in dry weight per leaf area or WUE as leaf N increased (Table 3, Fig. 2 ). There was little effect of leaf N on A CO2 Fig. 3 . The effect of weekly foliar sprays of NaCl-CaCl 2 solution (EC = 9.31 dS·m -1 ) on mature leaf chloride (Cl) concentration on 'Duncan' grapefruit (q) (y = 1638x+509, r 2 = 0.98) and 'Valencia' orange (s) (y = 867x+567, r 2 = 0.96) in Expt. 2. Water-sprayed control EC = 0.24 dSm -1 (r, grapefruit and,t orange, respectively). Each data point is the mean of n = 6 leaf measurements. Vertical bars indicate ± SD.
of mature leaves even though there was a significant quadratic relationship between A CO2 and N. Photosynthetic N use efficiency (PNUE = A CO2 /leaf N) decreased with increased N concentration similarly in young and old leaves (Fig. 2d) . Young leaves had lower DW/a, N and A CO2 but higher WUE than mature leaves (Fig.  2c) . This means that young leaves had much lower transpiration rates than mature leaves. The lowest leaf N concentration on mature leaves corresponded to control and salt sprayed leaves that had not been fertilized for 6 weeks by the end of the experiment.
Experiment 2. Total leaf Cl concentration increased linearly with the number of saline sprays (Fig. 3) . By the week 3, grapefruit leaves had significantly higher (P < 0.05) Cl concentrations than orange leaves. Burn symptoms were visible on about 10% of the leaf area of grapefruit leaves after only two foliar applications. Again, no burn symptoms were observed on orange leaves even through in this experiment, leaf Cl reached 9.5 mmol·m -2 by week 5. Mean individual leaf area was 25.4 ± 4.2 cm 2 for grapefruit leaves and 26.2 ± 7.1 cm 2 for orange leaves. Leaf succulence was 16.3 ± 2.4 and 16.5 ± 2.6 mg·cm -2 for grapefruit and orange leaves. Thus, there were no differences in average leaf area or succulence regardless of treatment.
Leaf N and total chlorophyll concentration were initially quite low, but increased similarly with the number of foliar urea sprays regardless of the salinity levels (Fig. 4) . After 4 sprays with urea, foliar N concentration of grapefruit increased from about 100 to 250 mmol·m -2 (about 2%-4% dry weight) whereas, N concentration in orange leaves increased up to about 200 mmol·m -2 . Leaf N for the three first weeks was not analyzed but was calculated from chlorophyll data using N = 5.31(Chl) + 4.89, r 2 = 0.87 for 'Duncan' grapefruit, and N = 4.58(Chl)-5.81, r 2 = 0.65 for 'Valencia' orange leaves. Initial average chlorophyll concentration in grapefruit leaves (0.18 ± 0.05 mmol·m -2 ) was lower than in orange (0.33 ± 0.05 mmol·m -2 ) but after two sprays of urea, chlorophyll concentrations were similar in both species. Chlorophyll concentration of water sprayed orange leaves gradually decreased as N-deficiency progressed.
After two sprays with urea, A CO2 in grapefruit increased 66%-77% over the N deficient controls (Fig. 5) . There was no significant difference (P > 0.05) between urea and urea + saline treatments in either species. A CO2 of urea-sprayed orange leaves did not increase whereas, control leaves decreased over time. Grapefruit leaves had higher A CO2 than orange leaves and this difference became more apparent when these data were pooled and plotted against leaf N (Fig.  6, Table 4 ). DW/a was lower in grapefruit than orange at low N but grapefruit leaf DW/a increased more rapidly with increasing N than in orange leaves. There was no increase in A CO2 at leaf N greater than about 200 mmol·m -2 (Fig. 6b) . WUE was positively related to leaf N Fig. 4 . The effect of weekly sprays of urea (11.2 g N/liter, 1.18 dSm -1 EC) (r), urea + NaCl-CaCl 2 (9.31 dSm -1 EC) (t), or water (0.24 dSm -1 EC),(∇) on leaf N and chlorophyll concentration of 'Duncan' grapefruit and 'Valencia' orange mature leaves. Each data point is the mean of n = 6 leaf measurements; vertical bars indicate ± SD. regardless of treatment indicating that both A CO2 and transpiration increased similarly with leaf N concentration. As in Expt. 1, PNUE decreased with increased leaf N concentration (Fig. 6d) .
Discussion
Young leaves, in Expt. 1., had lower Cl concentration than mature leaves because they received fewer saline sprays than mature leaves. Mature grapefruit leaves sprayed 11 times with NaCl+CaCl 2 solutions of 3.76 dS·m -1 (Expt. 1) or 5 times with 9.31 dS·m -1 (Expt. 2), absorbed sufficient Cl to reach 7 mmol m -2 and had visible leaf injury. It is clear that the higher salt concentration in the spray solution in Expt. 2, resulted in higher Cl concentration in leaves than in Expt. 1. Our studies show that 'Valencia' orange may be less sensitive to foliar saline sprays than 'Duncan' grapefruit (Fig. 3) . Whether this difference was due to differences in uptake characteristics of the leaves is not known. Other studies have shown that 'Valencia' orange is relatively less sensitive than other citrus cultivars to chloride taken up from soil (Lloyd et al., 1987; Peynado and Young, 1969) . Table 3 .
There was no increase in A CO2 at leaf N greater than about 200 mmol·m -2 regardless of whether leaf N exceeded 200 mmol·m -2 for a long period of time (Expt. 1) or whether leaf N had recently exceeded 200 mmol·m -2 (Expt. 2). Thus as N increased, PNUE decreased both experiments. A major difference between the two experiments was the history of leaf N. Leaves in Expt. 1 had high N levels before spray treatments, whereas leaves in Expt. 2 were N deficient before spray treatment. Even at comparable N levels, A CO2 rates of mature leaves from Expt. 1 were higher than in Expt. 2. It is possible that more N was associated with photosynthetic processes and contributed to higher leaf DW in Expt. 1 than in Expt. 2. This idea is supported by the somewhat higher DW/a in Expt. 1 than in Expt. 2. A higher DW/a could have contributed to the higher A CO2 and PNUE values which were about 2-fold higher for leaves in Expt. 1 than those of Expt. 2.
Net gas exchange of remaining green leaf area with high N, was affected very little by saline spray solutions that severely burned the leaves (Fig. 1.) Foliar sprays of CaCl 2 have reduced gs in apple leaves (Swietlik et al., 1984) in contrast to our results for citrus leaves. Swietlik and Miller (1987) showed that sprays of CaCl 2 on greenhouse-grown apple trees resulted in only a temporary (2-day) reduction in gs. They showed that application of CaCl 2 produced less consistent gs reductions than others salts and speculated that the development of a thick cuticle on leaves might be expected to further disminish response to CaCl 2 foliar sprays. Our data support that speculation in that citrus leaves have two-fold thicker cuticle than apple leaves (Leece, 1976) .
High leaf Cl levels from foliar sprays, should have been sufficient to decrease CO 2 assimilation rates as previously reported for citrus when high salinity was in the irrigation water (García-Legaz et al., 1993; Lloyd et al., 1987) . We found no effect of high leaf Cl on A CO2 however, when Cl were sprayed onto leaves. Chloride concentrations in necrotic portions of leaves could have been slightly higher than in the green portions that were used for measurements of gas exchange. This possibility probably did not affect our interpretation of the lack of Cl effects on net gas exchange, however, because high Cl concentrations in 'Valencia' leaves with no burn symptoms did not reduce A CO2 (Figs. 3 and 5) . We did not evaluate the effect of leaf area loss on whole plant A CO2 ---0.54 but total A CO2 per plant, could have been reduced by the salinityinduced loss of leaf area. Some compensation by remaining leaf area can occur (Layne and Flore, 1992; Syvertsen and McCoy, 1985) so whole plant A CO2 would not necessarily have been reduced in proportion to the amount of leaf area loss. High N and total chlorophyll concentration of leaves sprayed with saline+urea solutions occurred in conjunction with the increase of leaf Cl (Figs. 3 and 4) . Gas exchange responses to leaf N were not modified by increases of chloride in leaf tissues (Fig. 6) . Thus, there was no evidence that salinity in the spray solution reduced foliar uptake of nitrogen or reduced chlorophyll concentration in remaining green tissues. These results differ from other salinity stress studies in which there was a reduction of total chlorophyll when leaf chloride concentration increased (Khan et al., 1994; Nieves et al., 1991) . Again, our foliar application study differs from previous studies where N and Cl were taken up from soil-applied irrigation water. Our results imply that Cl effects on chlorophyll and A CO2 from foliarapplied salts to well watered seedlings may not be as serious as when the root system is exposed to salinity stress. Future studies should separate the potential physiological differences between foliar and root uptake of Cl and N.
This study evaluated the potentially negative effects of salt spray solutions along with the potentially beneficial effects of urea sprays on citrus leaves with sufficient or deficient N. Even relatively high concentrations of salts in the spray solution did not reduce uptake of foliar-applied N or rates of A CO2 . Repeated spray applications of urea to well-nourished plants did not increase A CO2 . Three weekly sprays increased N from 100 mmol·m -2 to greater than 200 mmol·m -2 , which was sufficiently high to support high rates of A CO2 . It is not yet possible, however, to extrapolate these results to field condition where leaf N levels are generally lower than those in this study.
